To facilitate better prediction of tropical cyclones by: (1) developing numerical methods with improved accuracy and efficiency, (2) investigating the sensitivity of tropical cyclone motion to vortex structure and model resolution, and (3) increasing understanding of the potential vorticity mixing process in hurricanes.
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2. Higher-order multigrid methods based on compact differencing and extrapolation methods have been studied and compared. The M.S. project of Nicole Burgess showed that compact differencing produces higher accuracy than tau-extrapolation; subsequent work has demonstrated an algorithm which solves to the level of truncation error in a fixed number of multigrid cycles, independent of the mesh size. The fourth-order method has been incorporated into the MUDBAR model for the streamfunction equation; however, the overall improvement in accuracy so far is small, since the vorticity equation currently uses a second-order discretization for the Jacobian.
3. We have investigated the possibility of finding a compact fourth-order discretization of the Jacobian which conserves vorticity, enstrophy, and kinetic energy, similar to the second-order Arakawa Jacobian. Our analysis shows that while a one-parameter family of conservative secondorder Jacobians exists, there is no such fourth-order Jacobian which is compact (i.e., using only the nearest neighboring points). Thus, completing the fourth-order version of MUDBAR will require noncompact differencing or extrapolation; this is the current task of graduate student Hu Miao.
4. A shallow-water version of MUDBAR has been developed and is currently being tested. This is the M.S. thesis work of graduate student Brittany Mitchell, and is expected to be complete by the end of the year.
5. Numerical experiments of PV mixing using MUDBAR have been conducted to verify and extend the earlier results of .
6. The minimum enstrophy solution for the shallow water model derived last year has been solved numerically and compared with the corresponding solution for the nondivergent barotropic model. Preliminary results were reported in .
RESULTS
The principal technical results achieved through this work in FY99 are:
• The adaptive multigrid method has been shown to be a practical and robust technique for achieving nonuniform resolution for nonlinear flow problems. Figure 1 shows an example of the accuracy and efficiency obtained with the adaptive multigrid method in comparison to using movable grids (of fixed size) or uniform grids. The adaptive multigrid method automatically chooses reasonable grids with minimal human intervention; it can be "tuned" by a single parameter (the exchange rate) to specify the desired tradeoff between increased accuracy and increased computational work. The method makes it possible to resolve the details of the vortex at small scales while representing the surrounding large-scale flow efficiently.
Figure 1: Accuracy and efficiency of MUDBAR model
• Using numerical experiments of PV mixing with the MUDBAR model, we have confirmed and extended the earlier results of . In particular, we have shown that the characteristic wavenumber-four instability found with an unstable barotropic vortex at rest in a doubly-periodic spectral model on the f-plane persists when the vortex is embedded in a zonal flow on the beta-plane or sphere. Thus, this qualitative behavior of the chaotic nonlinear PV mixing process is indeed a feature of the dynamics, rather than an artifact of the assumption of periodicity. Figure 2 shows the vortex structure for the PV ring experiment of as run in the MUDBAR model. Only a small portion of the 4096 km square domain is shown, with solid lines indicating the boundaries of three of the six grid patches. This experiment used mesh spacings ranging from 0.5 km in the inner region to 32 km in the environment, thus representing both the fine-scale details of the PV mixing and the large-scale environmental flow both accurately and efficiently. For this case the adaptive model was six times faster than a movable-mesh version of similar accuracy, and orders of magnitude faster than using a single uniform grid.
• Comparisons of the minimum enstrophy solutions for the shallow water and nondivergent barotropic models show only slight differences; thus, conclusions based on studies of PV mixing in the latter model may have validity beyond that simple context. 
IMPACT/APPLICATIONS
The adaptive multigrid hurricane model MUDBAR as it stands is fast and accurate. If augmented with boundary data from a global model and an appropriate initialization scheme, it could be utilized in operational forecasting of hurricane motion. In view of its speed and relative simplicity, the model could be particularly appropriate for ensemble forecasting.
The adaptive multigrid techniques studied here are quite general, and could be applied to other modeling and predictive efforts requiring increased resolution in local regions, e.g., mesoscale and coastal zone models. Their principal benefit is an improved tradeoff between accuracy and efficiency, allowing either higher accuracy for the same amount of computer time or faster execution for the same level of accuracy, with automatic selection of reasonable grids.
The theoretical and numerical studies of potential vorticity mixing conducted in this project should lead to a deeper understanding of this fundamental process in the dynamics of hurricanes. This may impact our understanding (and eventual prediction) of hurricane intensity change and the development and evolution of small-scale destructive features such as mesoscale vortices.
TRANSITIONS
The MUDBAR model has not yet been used by others researchers; any opportunities for collaboration in model testing, implementation, or intercomparisons would be welcomed. Numerical techniques being developed for solving the minimum enstrophy problem will likely be applied by members of Wayne Schubert's group for minimum enstrophy studies on the sphere.
RELATED PROJECTS
The PI received a DURIP grant (N00014-98-1-0368) which has provided funds for computer equipment used in this research.
A group at Colorado State University headed by Wayne Schubert and Mike Montgomery has been studying the potential vorticity mixing process. Work on this subject reported here has been done in close collaboration with this group.
